Flavangenol, an extract from French martima pine bark (PBE), is a complex mixture of bioflavonoids with oligomeric proanthocyanidin as main constituents. The nutritional supplementation of PBE produces a variety of potentially protective effects against chronic age-related diseases such as atherosclerosis, hypertension, and diabetes. It has recently been reported that many beneficial effects of PBE are closely related to its potent antioxidative and free radical scavenging function. 1) The post-ischemic renal injury occurs frequently in patients after major surgery, trauma, and transplantation. In general, ischemic acute renal failure (ARF) is induced not only by the ischemia itself but also by the following reperfusion. One of the pivotal causal factors in the post-ischemic renal injury is an enhancement of reactive oxygen species (ROS) production in renal and vascular tissues, although several factors such as ATP depletion and vasoactive peptides are complicatedly involved in the pathogenesis of this renal damage. 2, 3) Thus, there is a possibility that administration of antioxidants prior to enhancement of ROS production may prevent the development of renal damage.
In the present study, we examined whether flavangenol treatment could overcome the ischemia/reperfusion-induced renal injury in rats.
MATERIALS AND METHODS

Materials
Flavangenol was obtained from Suntory Ltd. (Osaka, Japan). All other reagents were commercial products of the highest grade available.
Animals and Experimental Design Male SpragueDawley rats (10 weeks of age, Japan SLC, Shizuoka, Japan) were used. Animals were housed in a light-controlled room with a 12 h light/dark cycle and were allowed ad libitum access to food and water. Experimental protocols and animal care methods in the experiments were approved by the Experimental Animal Committee at Osaka University of Pharmaceutical Sciences. Two weeks before study (at 8 weeks of age), the right kidney was removed through a small flank incision under pentobarbital anesthesia (50 mg/kg, i.p.). After a 2-week recovery period, these rats separated into five groups: (1) sham-operated control, (2) untreated ischemic ARF, (3) ischemic ARF pretreated with flavangenol (3 mg/kg, i.v.), (4) ischemic ARF pretreated with flavangenol (10 mg/ kg, i.v.), (5) ischemic ARF pretreated with flavangenol (30 mg/kg, i.v.). To induce ischemic ARF, rats were anesthetized with pentobarbital (50 mg/kg, i.p.), and the left kidney was exposed through a small flank incision. The left renal artery and vein were occluded with a nontraumatic clamp for 45 min. At the end of the ischemic period, the clamp was released to allow reperfusion. Flavangenol or vehicle (a mixture of 2.5% ethyl alcohol, 30% polyethylene glycol 400, and 67.5% saline) in a volume of 1 ml/kg was injected 5 min before ischemia. In sham-operated control rats, the kidney was treated identically, except for the clamping. Animals exposed to 45-min ischemia were housed in metabolic cages 24 h after the ischemia. At the end of urine collection for 5 h, blood samples were drawn from the thoracic aorta, and then the left kidneys were excised under pentobarbital anesthesia (50 mg/kg, i.p.). These urine and blood samples were used for measurement of renal function parameters as described previously.
4)
Histological Studies Histological studies were performed as described previously. 4) Histopathological changes were graded as no damage (0), mild (1), moderate (2), severe (3), and very severe (4) based on the microscopical observations of each section.
Statistics Analysis All values are expressed as meanϮ S.E.M. Relevant data was processed by InStat (Graph-PAD Software for Science, San Diego, CA, U.S.A.). Statistical analysis of variance followed by Dunnett's tests for multiple comparisons. Histological data were analyzed using the Mann-Whitney test. For all comparisons, difference were considered significant at pϽ0.05. The effects of flavangenol on ischemia/reperfusion-induced acute renal failure (ARF) in rats were examined. Ischemic ARF was induced by occlusion of the left renal artery and vein for 45 min followed by reperfusion, 2 weeks after contralateral nephrectomy. Renal functional parameters such as blood urea nitrogen, plasma creatinine, creatinine clearance, urine flow, urinary osmolality and fractional excretion of sodium were measured. Renal function in ARF rats markedly decreased at 1 d after reperfusion. Pre-ischemic treatment with flavangenol (3-30 mg/kg, i.v.) attenuated the ischemia/reperfusion-induced renal dysfunction. Histopathological examination of the kidney of ARF rats revealed severe renal damage, such as tubular necrosis and proteinaceous casts in tubuli, which were also significantly suppressed by the administration of flavangenol. These findings suggest that flavangenol supplementation may be a promising candidate for treatments to improve the ischemia/reperfusioninduced renal injury.
Preventive Effect of Flavangenol on
RESULTS
Renal Function after the Ischemia/Reperfusion and Effect of Flavangenol Treatment As shown Fig. 1 , renal function of rats subjected to 45 min ischemia showed a marked deterioration when measured at 24 h after the reperfusion. As compared with sham-operated rats, untreated ARF rats showed significant increases in blood urea nitrogen (100.3Ϯ8.6 versus 28.9Ϯ1.8 mg/dl), plasma creatinine concentration (2.50Ϯ0.26 versus 0.76Ϯ0.08 mg/dl), urine flow (88.5Ϯ7.8 versus 24.0Ϯ1.6 ml/min/kg), and fractional excretion of sodium (1.86Ϯ0.25 versus 0.35Ϯ0.06%) and significant decreases in creatinine clearance (1.34Ϯ0.29 versus 4.18Ϯ0.37 ml/min/kg) and urinary osmolality (422Ϯ43 versus 1693Ϯ64 mOsm/kg). Treatment of flavangenol dose-dependently attenuated the ischemic ARF-induced renal dysfunction. The administration of flavangenol (30 mg/kg) to sham-operated animals produced no effects in their renal functional parameters (data not shown).
Histological Renal Damage after the Ischemia/Reperfusion and Effects of Flavangenol Treatment Histopathological examination revealed sever lesions in the kidney of untreated ARF rats (24 h after the ischemia/reperfusion). These changes were characterized by tubular necrosis in the outer zone outer stripe of medulla ( Fig. 2B ; scores, 3.67Ϯ0.21), medullary congestion and hemorrhage in the outer zone inner stripe of medulla ( Fig. 2E; scores, 3 .50Ϯ 0.34), and proteinaceous casts in tubuli in the inner zone of medulla ( Fig. 2H; scores, 3 .67Ϯ0.21). Treatment of flavangenol (30 mg/kg) significantly attenuated the development of tubular necrosis ( Fig. 2C ; scores, 2.50Ϯ0.22, pϽ 0.01) and proteinaceous casts in tubuli ( Fig. 2I ; scores, 2.17Ϯ0.40, pϽ0.01) except medullary congestion and hemorrhage ( Fig. 2F; scores, 2.67Ϯ0.33, pϭ0.0727 ). On the other hand, no histopathological changes were observed in the kidney of sham operated animals (A, D, and G in Fig. 2) .
DISCUSSION
In the present study, we obtained evidence that prior administration of flavangenol dose-dependently overcame the ischemia/reperfusion-induced renal dysfunction in rats. Histological examination of the post-ischemic kidney in untreated ARF rats revealed tissue injuries, such as proteinaceous casts in tubuli, and tubular necrosis, and these lesions were significantly suppressed by pre-ischemic treatment with flavangenol. These results indicate that flavangenol has preventing effects on the ischemia/reperfusion-induced renal dysfunction and degeneration.
Ischemic ARF is a frequent clinical syndrome with high morbidity and mortality. Reperfusion of previously ischemic renal tissue initiates a complex cellular events that results in injury and the eventual death of renal cells due to a combination of apoptosis and necrosis.
5) The molecular mechanisms underlying the ischemia/reperfusion-induced renal injury remain unclear, but it has been reported that several causal factors (ATP depletion, phospholipase activation, neutrophil infiltration, vasoactive peptides etc.) are contributive to the pathogenesis of this renal damage.
3) Oxidative stress has also been considered as one of the factors which definitely involved in the development of the ischemic ARF. We and others have reported that several agents possessing an antioxidative activity ameliorate the ischemia/reperfusion-induced renal damage. [6] [7] [8] Kasuno et al. have also demonstrated that thioredoxin, a redox-regulating protein, play a protective role in the early phase of renal ischemia/reperfusion injury. 9) Pycnogenol (the similar extract from French martima pine bark as flavangenol) have been shown to possess excellent radical scavenger properties. It has been reported that, in addition to its radical scavenging activity, pycnogenol can stimulate intracellular defenses against free radicals by enhancing the production of antioxidative enzymes. 1) Moreover, there is accumulating evidence indicating that procyanidins, which are one of components of pycnogenol, have a potent antioxidative activity and improve ischemia/reperfusion-induced cardiac damage. 10, 11) Taken together with these findings, it is reasonable to consider that the beneficial effect of fla- vangenol on the ischemia/reperfusion-induced renal damage is closely related to the antioxidative effects, although further studies are required to clarify how much antioxidative effects of flavangenol are involved in the improvement of renal damage and whether procyanidins mainly play an important role in flavangenol's action.
In many tissues, the ischemia/reperfusion induces a variety of gene expressions including adhesion molecules, cytokines, and vasoactive peptides. 12, 13) It has been well known that a transcriptional factor nuclear factor-kappa B (NF-kB) is mainly responsible for the regulation of these gene expressions. 14) We and others have demonstrated that the suppression of NF-kB could become a novel therapeutic strategy for ischemia/reperfusion-induced tissue damage. 15, 16) There is accumulating evidence that pycnogenol has an inhibitory effect on NF-kB activation in macrophages and vascular endothelial cells. 17, 18) Most recently, we have found that flavangenol markedly suppresses tumor necrosis factora-induced NF-kB activation in cultured vascular endothelial cells (Ohkita et al., unpublished observation). Thus, it is likely that inhibition of NF-kB activation by flavangenol treatment is related, at least, to the amelioration of ischemia/ reperfusion-induced renal damage. Further studies are needed to clarify the detailed mechanisms underlying the beneficial effects of flavangenol against the ischemia/reperfusion-induced renal injury.
